Abstract
there are 5 groups within the Aer family, and they are defined by shared amino acid sequence 138 features and genes they are associated with.
139

Comparison of Groups
140
Results from the SHMR analysis for each group comparison were plotted against the entire 141 length of the Aer protein and compared to the overall conservation at each AA position (Figure 2 ).
142
Using a smoothing function, the regions that were varying between groups were identified and 143 compared to the domain architecture of the Aer protein. These comparisons showed that the 144 regions determining the specificity of each group were the same for all groups, (except for two 145 regions at each extremity of the protein that were specific to Aer.g2) and that these regions were 146 poorly conserved in the overall alignment. As expected, the CheW interface region of the methyl- CheW interface region, each separated by an unconserved, group specific region. The predicted 158 transmembrane domains (AAs ~130-200) were the least conserved region and were not conserved 159 within groups except for the initial portion of these domains (AA ~150). Between this region and 160 the C1 conserved region of the methyl-accepting domain was another group specific region, 161 though part of this region was conserved between groups 1,3 and 4 (AAs ~220-260) making this 162 a third region specific to Aer.g2. Finally, the C-terminal region after the last conserved C3 region 163 was specific for each group, especially Aer.g2 as it has an extension that the other groups do not. 
~395-410).
169
Distribution of Groups within Pseudomonas
170
To determine the prevalence of each Aer homolog group within the Pseudomonas genus, 171 the number of homologs from each group that each species possessed was counted and a 172 hierarchically clustered heatmap was generated (Figure 3 ). Aer-2 and CttP were also counted and 173 included. This analysis showed that all included species, except P. dentrificans ATCC13867, had 174 an Aer.g1 homolog. Only species related to P. aeruginosa had Aer-2 and CttP, which were always 175 found together. P. sp 21, P. nitroreducens HBP1, P. resinovorans NBRC 106553 and P.
176
pseudoalcaligenes KF707 were the only species that had Aer-2/CttP and additional Aer homologs, 177 the first two possessing an Aer.g2 homolog, P. resinovorans having an Aer.g4 homolog and 178 KF707 having both. Only genes from Aer.g1, Aer.g2 and Aer.g3 were duplicated, and duplications
179
were rarer than possession of homologs from multiple groups. Duplications of Aer.g1 were Cttp in select Pseudomonas species. Species were clustered using the Bray-Curtis distance metric and 183 average linkages. The number of homologs that each strain possess is indicated by the box colour: zero 184 (black), one (blue), two (cyan). Pseudogenes are marked by asterisks (*). The homolog of P. rhizosphearae 185 is more similar to non-Pseudomonas sequences and is marked by a pound (#). 186 restricted to P. fluorescens and related subgroups (1-8) (33) Aer.g2 homolog and only 2/4 P. fluorescens strains had the same Aer homolog profile. 3/4 of P.
203
putida strains were the same, though P. putida HB3267 had a homolog from all four groups. P. were examined to identify the most commonly associated genes (summarized in Figure 4) genomic contexts were identical, they are not presented here.
237
Mobile elements were found within 5Kb of aer homolog genes (Supplementary Table 1 ).
238
Inverted repeats were most common (20%), followed by transposases (4%) and integrases (1%).
239
Aer.g5 never had any mobile elements associated, Aer.g1 was the least common, then Aer.g3, then
240
Aer.g2 and Aer.g4 had the highest frequency of association with mobile elements. When mobile 241 elements were found, they were often located immediately up and/or downstream of the aer 242 homolog and its associated gene(s) described in the above section.
243
Phenotypic Results
244
To investigate the functions of Aer homologs, CttP and Aer-2, and to see whether they 245 were linked, deletion mutants were constructed in the one species of Pseudomonas that possessed 246 3 Aer homologs Aer-2 and CttP: P. pseudoalcaligenes KF707. Single and combination deletions 247 were constructed using 2-step homologous recombination, the suicide vector pG19II and SacB 248 sucrose counter-selection (35). Energy-taxis was tested using soft agar swim plates (36)
249
(sometimes called 'swarm' plates, though the motility is definitely swimming not swarming). In of inoculation it will produce a ring as energy-tactic cells seek out a better place to grow. Non- Table 3 ).
267
The diameter of the chemotactic negative CheA mutant was about 10% of the wild-type,
268
whereas energy-taxis negative mutants with diameters about 60% smaller were significantly 269 different from the wild-type ( Figure 5 ). All the singular deletions of Aer.g1, Aer.g2, Aer.g4, Aer-270 2 and CttP had no effect on energy-taxis; only strains that had Aer.g1 deleted in combination with 271 at least one other receptor were energy-taxis negative. This included both homologs, Aer-2 and The phylogeny and alignment of Aer sequences implied there were up to 7 different groups, 295 but comparison of sequence differences using SHMR (23) showed there were actually 5. All 296 groups varied in the same regions of the protein, except Aer.g2 which had unique regions at the N 297 and C termini and between the transmembrane helices and conserved methyl-accepting domain.
298
The most conserved domains were unsurprisingly the PAS ligand binding domain and CheW supported by the SHMR analysis however these genes did not share synteny with the rest of Aer.g1.
309
These sequences represent the only duplications of Aer.g1 and only occurred in species which had no other Aer homologs (except P. azotoformans S4 The Aer.g1 homolog group was the closest to the root, with the exception of Aer from P. Aer.g1 homolog from other species will be the receptor responsible for energy-taxis.
331
Almost all aer.g1 genes were associated with an aconitase gene, indicating that they are 332 likely co-transcribed. In Helicobacter pylori, TlpD, which controls tactic behaviour in low-energy conditions has been found to interact with aconitase (40). Our results thus indicate that association 334 with aconitase is a common feature of energy-taxis receptors. While Aer cannot obtain electrons 335 for reducing the FAD co-factors from aconitase as the isomerization of citrate to isocitrate is a 336 non-redox process, this suggests that isocitrate dehydrogenase may be the step of the citric acid 337 cycle that is being sensed for energy-taxis.
338
A gene encoding a predicted CAAX amino protease was found adjacent to one third of Aer.g3 in P. putida KT2440 caused a general defect in motility (9) and was later shown to be a bi-functional cyclic di-GMP phosphodiesterase and diguanylate cyclase formation (44). These two 357 homolog groups may thus be involved in energy-sensing behaviour in biofilms as c-di-GMP is an 358 important regulator in the transition from planktonic to sessile growth modes, though it will be 359 interesting to see if the putative diguanylate cyclase/phosphodiesterase associated with Aer.g2 is 360 also bifunctional and whether they both respond to the same signal. Aer.g4 could also have its own 361 distinct function, possibly transducing its signal not only to the che pathway but also to the 362 transcriptional regulator adjacent to it allowing for gene regulation in response to energy-sensing.
363
The function of Aer.g5 may be even more distant as it is the least similar from the others, though 364 it is likely a specific niche function since only two of the included species possessed copies. This of other members, but also makes KF707 an outlier from the species. It having aer-2 and cttP indicates either that these have also been transferred horizontally or KF707 is more closely related 380 to P. aeruginosa than the other strains. As only the aeruginosa sub-group has those two genes they 381 were also likely horizontally transferred, albeit less recently than the various aer homologs.
382
The observed variation in the distribution of Aer homologs is unsurprising as even within 383 the P. aeruginosa pan-genome from 7 strains there are 2,000 accessory genes compared to 5,000 384 core (45). The fact that aer.g1 almost qualifies as part of the genus core genome (P. dentrificans 
Materials and Methods
446
Protein Sequences
447
All sequences were obtained using NCBI databases and tools (14) in May 2016. BLAST 448 searches (15) (pBLAST for draft and completed genomes, tBLASTn for whole-genome shotgun 449 genomes) were performed using P. aeruginosa PA01 Aer (NP_0250252.1) as a query sequence.
450
From each species, all hits with >95% sequence coverage, no matter how low the sequence identity, in Jalview (18) , which was then re-aligned using MUSCLE (19). Names were cleaned up using a operation, tree topology, branch length and rate parameters were optimized. Consense was then 470 used to generate a consensus tree from the bootstrap replicates using the majority rule (extended),
471
and only treating the tree as rooted when the non-pseudomonas root was included.
472
Sequence Harmony and Multi-Relief Analysis to Determine Groups
473
The multi-Harmony server was used to apply sequence harmony and multi-relief (SHMR)
474
to validate groupings made based on the ML tree and alignment. Groups were manually decided 475 based on the tree topology and corresponding alignment, initially making for 7 groups. These 476 seven groups were compared in pair-wise fashion using SHMR (23). Thus for each pair of groups strain was measured at 24 and 48h either manually using a ruler or digitally using a photograph
549
and ImageJ (31). The experiment was repeated at least 3 times for all strains in each media, always 550 including at least one wildtype to be used as a normalizing control. Collected data were processed 551 in R to normalize the size of the growth diameter to the corresponding wildtype size at 24 and 48h.
552
The data were analyzed in a number of ways and it was determined that pooling the normalized 553 data from 24 and 48h to produce at least 6 replicates resulted in smaller error bars. 
